tinal epithelial cell renewal relies on the right balance of epithelial cell migration, proliferation, differentiation, and apoptosis. Intestinal epithelial cells consist of absorptive and secretory lineage. The latter is comprised of goblet, Paneth, and enteroendocrine cells. Fibroblast growth factor 10 (FGF10) plays a central role in epithelial cell proliferation, survival, and differentiation in several organs. The expression pattern of FGF10 and its receptors in both human and mouse intestine and their role in small intestine have yet to be investigated. First, we analyzed the expression of FGF10, FGFR1, and FGFR2, in the human ileum and throughout the adult mouse small intestine. We found that FGF10, FGFR1b, and FGFR2b are expressed in the human ileum as well as in the mouse small intestine. We then used transgenic mouse models to overexpress Fgf10 and a soluble form of Fgfr2b, to study the impact of gain or loss of Fgf signaling in the adult small intestine. We demonstrated that overexpression of Fibroblast growth factor 10 (FGF10), one of 22 members of the FGF family, is known to play a central role in cell proliferation and/or differentiation of the epithelium in several organs (2, 34, 39, 46) . During development of the gastrointestinal tract, Fgf10 is expressed in the mesenchyme of the stomach, duodenum, cecum, and colon (4, 9, 33) and is critical for the development of these organs (4, 29, 33, 41, 42) . The loss of Fgf10 in mice results in duodenal, cecal, and colonic atresia (8, 10, 11, 21) . We recently showed that Fgf10 expression is induced in the ileum of mice during gut adaptation (41). Moreover, Fgf10 overexpression promotes the formation of tissue-engineered small intestine (42). However, to date, the impact of gain or loss of Fgf10 signaling on adult mouse small intestine has not been investigated.
THE INTESTINE IS LINED BY a single layer of epithelial cells that allows the exchange of nutrients but also functions as a physical barrier against bacteria and ingested toxins. The intestinal epithelium self-renews continuously while maintaining this barrier. This renewal relies on the right balance of cell proliferation, migration, differentiation, and apoptosis. Stem cells near the base of the crypt of Lieberkühn divide, feeding into a transit amplifying (TA) population. Differentiating cells migrate out of the TA compartment either into the villi or the base of the crypt. Fully mature intestinal epithelial cells belong to either the absorptive or the secretory cell lineage. Secretory cell types are goblet, Paneth, tuft, and enteroendocrine (27) . Secretory lineages arise from progenitors expressing Atonal Homolog 1 gene (Atoh1, also called Math1) (37, 44, 48) . The notch effector, hairy/enhancer of split 1 (Hes1), deletion of which results in excessive formation of all three secretory cells types, inhibits Atoh1 expression (20, 40, 44) . Within the secretory lineage, enteroendocrine cell fate specification depends on the expression of Neurogenin 3 (Neurog 3) (19, 26) ; Paneth cell differentiation and maturation rely on the expression of SRY-box containing gene (Sox9) and Wnt signaling via Frizzled 5 (1, 27) , and differentiation of goblet cells requires Kruppel like factor 4 (Klf4) (22) . SAM pointed domain containing Ets transcription factor (Spdef) regulates both goblet and Paneth cell differentiation. Deletion of Spdef severely disrupts the maturation of goblet and Paneth cells (13) , whereas overexpression of Spdef in mice increases goblet cell differentiation and decreases Paneth cells, enterocytes, and enteroendocrine cells (28) .
Fibroblast growth factor 10 (FGF10), one of 22 members of the FGF family, is known to play a central role in cell proliferation and/or differentiation of the epithelium in several organs (2, 34, 39, 46) . During development of the gastrointestinal tract, Fgf10 is expressed in the mesenchyme of the stomach, duodenum, cecum, and colon (4, 9, 33) and is critical for the development of these organs (4, 29, 33, 41, 42) . The loss of Fgf10 in mice results in duodenal, cecal, and colonic atresia (8, 10, 11, 21) . We recently showed that Fgf10 expression is induced in the ileum of mice during gut adaptation (41) . Moreover, Fgf10 overexpression promotes the formation of tissue-engineered small intestine (42) . However, to date, the impact of gain or loss of Fgf10 signaling on adult mouse small intestine has not been investigated.
In this study, we analyzed the expression of FGF10, its receptors FGFR1 and FGFR2, as well as other FGFR2 ligands in the human ileum and the three segments of the adult mouse small intestine (duodenum, jejunum, and ileum). We showed that FGF10, FGFR1b, and FGFR2b are expressed in the human ileum. In the mouse intestine, Fgf10 is expressed in the duodenum, whereas Fgfr1 and Fgfr2 are expressed throughout the intestine. Furthermore, we demonstrated that overexpression of Fgf10 both in vivo and in vitro induced goblet cell differentiation and reduced Paneth cells, whereas sequestering Fgfr2b ligands with a soluble receptor did not affect intestinal differentiation. Moreover, FGF10 decreases stem cell markers such as Lgr5, Lrig1, Hopx, Ascl2, and Sox9 in ileal enteroids cultured in vitro. FGF10 inhibited Hes1 expression in the enteroids, suggesting that FGF10 induces goblet cell differentiation likely through the inhibition of Notch signaling. Interestingly, Fgf10 overexpression in vivo increased the number of goblet cells in the crypt compartment. Furthermore, we showed that Fgf10 overexpression for 3 days in vivo and in vitro increased the number of Mmp7/Muc2 double-positive cells. Taken together, these results suggest that goblet cells replace Paneth cells following Fgf10 overexpression. We demonstrated that Fgf10 plays an important role in intestinal cell differentiation. Further studies are needed to determine the mechanism(s) by which Fgf10 alters cell differentiation in the small intestine.
MATERIALS AND METHODS
Human subjects. Fresh human tissue was obtained from patients 3 mo-18 yr old, admitted for surgery at Children's Hospital Los Angeles under an IRB-approved protocol to collect waste tissue derived from surgeries that is not needed for pathological diagnosis. Families signed consent for the tissue collection and demographic, and curated medical history data are available through the protocol. The indications for surgery for these patients did not include primary intestinal disease.
Mice. All the mice were housed in the Animal Care facility of the Saban Research Institute, Children's Hospital Los Angeles. The Institutional Animal Care and Use Committee approved all animal protocols used in this study in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institute of Health. The approval identification number for Children's Hospital Los Angeles is AAALAC A3276-01. CD1 wild-type mice were purchased from the Charles Rivers Laboratory and C57Bl/6 mice from the Jackson Laboratory.
Generation of mutant mice. For this study we used mice that allow ubiquitous, inducible, and reversible overexpression of Fgf10 as well as a soluble form of Fgfr2b (sFgfr2b) as previously described (6, 14, 30, 32 only a single copy of a given transgenic allele). Tet promoter-induced Fgf10 overexpression was achieved by feeding doxycycline-containing food (rodent diet with 0.0625% doxycycline, Harlan Teklad TD01306) to double-transgenic adult (4-wk-old) mice [R26rtTA/ ϩ ; tet(O)Fgf10/ϩ] for a period of 10 days; sFgfr2b induction was achieved by feeding doxycycline to double-transgenic adult (4-wk-old) mice for 1 or 3 mo. Double transgenics without doxycycline or single transgenics with or without doxycycline were used as controls as described in RESULTS. At the end of the doxycycline treatment, mice were euthanized and the small intestines were harvested and separated in segments (duodenum, jejunum, and ileum). Tissues were either fixed in formalin or frozen in liquid nitrogen for RNA extraction.
␤-Galactosidase staining. Mlcv1v-nLacZ-24 or Fgf10 LacZ reporter mouse was used to investigate the spatiotemporal expression of Fgf10 throughout the small intestine (23, 24) . Small intestines were collected from 4-wk-old Fgf10
LacZ animals and stained for ␤-galactosidase activity as previously described (38) . Briefly, samples were shortly fixed in 4% paraformaldehyde (PFA), then stained in a LacZ solution containing a final concentration of 2 mg/ml of X-gal overnight at 37°C (RPI). These samples were then fixed, paraffin embedded, sectioned at 5 m, and mounted on slides. Slides were deparaffinized, rehydrated in an ethanol gradient, counterstained with nuclear fast red, dehydrated, cleared with HistoChoice, and mounted with Permount (Fisher Scientific, Fair Lawn, NJ).
Immunohistochemistry. All three segments of the small intestine (duodenum, jejunum, and ileum) were collected, fixed, and paraffin embedded for histological analyses. The samples were sectioned at 5 m, then deparaffinized and rehydrated. The slides were stained with hematoxylin and eosin to examine their histology. The depth of the crypts and height of the villi were measured by use of ImageJ software (National Institutes of Health, Bethesda, MD). Alcian blue staining was used to visualize goblet cells. Immunohistochemistry (IHC) for FGFR1 and FGFR2 was performed with use of the following antibodies: rabbit anti-FGFR1 [1:100, Flg (C-15) Santa Cruz], rabbit anti-FGFR2 [1:200, Bek (C-17) Santa Cruz], and anti-rabbit IgG (1:100, Santa Cruz). For these antibodies, an antigen retrieval step was performed by boiling the slides in a microwave for 12 min in Tris-EDTA (10 mM Tris base, 1 mM EDTA solution, 0.05% Tween 20, pH ϭ 9.0). To confirm the stainings, we also used rabbit anti-FGFR1 (1:100, Abcam ab63601) and rabbit anti-FGFR2 (1:100, Abcam ab10648) with antigen retrieval steps as recommended by the manufacturer. For the remaining IHC and immunofluorescence (IF) stainings, the slides were boiled in the microwave for 12 min in 10 mM sodium-citrate buffer, pH ϭ 6.0. Cell proliferation was assessed by IHC using mouse anti-proliferating cell nuclear antigen (PCNA) (1:100, Vector Laboratories) and IF staining for phospho-histone H3 (Phh3) (1:100, Cell Signaling). The staining was visualized by using Dako Cytomation kit following the manufacturer's instructions. Slides were dehydrated and mounted with xylene mounting medium. IF staining was performed to identify Paneth cells (anti-lysozyme 1:100, Dako) and enteroendocrine cells [rabbit anti-chromogranin A (CGA) 1:100, Abcam]. Cell death was assessed by use of rabbit anti-caspase 3 (active) (1:500, R&D Systems). Cy3-conjugated secondary antibodies were used for the IF stainings. Slides were counterstained with DAPI (1:500, Life Technologies) and mounted with ProLong Diamond Antifade Mountant (Life Technologies). Images were acquired by using a camera attached to an upright fluorescent microscope (Leica DM5500).
Cell counting and quantification. Epithelial nuclei, lysozyme, and CGA-stained cells were counted semiautomatically by use of MetaMorph 7.7.3.0 software (Molecular Devices, Sunnyvale, CA). First, the blue (DAPI) channel was processed as follows: background was subtracted by manual thresholding, intensity was normalized by dividing by a 20ϫ20 low-pass filtered copy of the channel, and the normalized nuclei were smoothed with a 5ϫ5 median filter to preserve edges. A binary image of the smoothed nuclei was created by thresholding automatically by using the isodata histogram algorithm under visual inspection to manually adjust the threshold value if needed. Overlapping binary nuclei were separated by Watershed segmentation with FoveaPro 3.0 software (Reindeer Graphics, Asheville, NC). To count lysozyme and CGA-positive cells, the red (Cy3) channel was processed in the same manner as the blue channel except that the thresholding step employed the "legacy heuristic" algorithm and an additional step to fill all dark holes (where nuclei didn't show in blue) was added just prior to the segmentation.
The total number of PCNA, Alcian blue, lysozyme, and CGApositive cells and the total number of epithelial cells and/or epithelial cells per crypt were counted separately for three randomly selected high-power fields (ϫ20 magnification) per sample per mouse and averaged, with six mice in every experimental set. The total number of cell type-positive cells per the total number of epithelial cells, or percent cell type positive was calculated for each sample. Results were reported as percent Ϯ SE.
Mouse crypt cultures.
Mouse crypt culture were isolated and grown from wild-type mouse ileum as previously described (35) . Briefly, 6 cm of mouse ileum were isolated, washed, and treated with 2 mM cold EDTA for 30 min at 4°C. The suspension is transferred into sucrosesorbitol buffer, gently shaken until the crypts start separating, and strained through 70-m filters. After washing and centrifugation, the crypt units were embedded in Matrigel containing EGF (50 ng/ml), Noggin (10 ng/ml), and R-Spondin (500 ng/ml) and incubated at 37°C to allow the polymerization of the Matrigel. Culture medium containing DMEM/F12, L-glutamine, penicillin/streptomycin, HEPES (10 mM), N2, and B27 supplement was added to the Matrigel. The crypts were grown for 7 days then passaged by gently dissociating the Matrigel and breaking down the enteroids, then plated and cultured for 3 days before treatment for 4 days with 200 ng/ml of human recombinant FGF10.
Crypts from Rosa26 rtTA , Tet(O)Fgf10 animals were isolated as described above, replacing 1 mM cold EDTA with 3 mM EDTA. Enteroids were treated with 2 g of doxycycline for 72 h, after which the enteroids from the same experiment were pooled and split for RNA extraction and histology. RNA was extracted for gene expression analyses.
Enteroid histology. Enteroids fixed in 4% PFA were then embedded in HistoGel, dehydrated through ethanol gradient, embedded in paraffin, and sectioned for histology. IF staining was performed with anti-MMP7 antibody (1:100, Vanderbilt University), anti-Muc-2 (1: 100, Santa Cruz), anti-lysozyme (1:100, Dako), anti-Phh3 (1:100, Cell Signaling), and anti-E-cadherin (1:200, BD Biosciences). Slides were visualized under a Leica DM5500. Cells were counted in two images per sample in four independent experiments from four independent animals at ϫ20 magnification and results are reported as percentage of positive cells to the total number of cells (nuclei).
Whole mount mouse enteroid staining. The mouse enteroid cultures in polymerized Matrigel were rinsed with PBS and fixed for 30 min in 2% PFA. The fixation was then quenched with 50 mM NH4Cl for 30 min at 4°C. Crypts were permeabilized with 0.05% Triton X-100 in PBS for 30 min. Blocking was achieved by using 3% BSA in PBS for at least 1 h at room temperature. Cell proliferation was assessed by use of phospho-histone H3 antibody (1:100, Cell Signaling), in which the cultures were incubated overnight at 4°C. The staining was visualized with Alexa Fluor 647 donkey anti-rabbit (1:100, Life Technologies), in which the cultures were incubated overnight at 4°C. Nuclei were stained with 2 g/ml Hoechst 33342 fluorescent stain (Thermo Scientific) for 20 min. Cultures are ultimately suspended in PBS when imaging.
Z-stack images were acquired with an LSM 700 confocal system mounted on an AxioObserver Z.1 inverted microscope equipped with a ϫ20/0.8 Plan-APOCHROMAT lens and controlled by ZEN 2009 software (Carl Zeiss Microimaging, Thornwood, NY). Fluorescence images of DAPI and Alexa Fluor 647 were obtained by using excitation laser lines of 405 and 639 nm and emission filters of short-pass 490 nm and long-pass 640 nm, respectively. The z-slice interval was 5 m with the confocal pinhole set to 1 Airy unit for Alexa Fluor 647. A z-correction factor of 1.33 was used to obtain more accurate z scaling. If needed, the laser transmission percentage and/or detector gain were increased linearly with depth to obtain more uniform brightness (z-brightness correction). To measure the total visualized volume of each specimen the DAPI and Alexa Fluor 647 channels were first combined by using the Image Calculator MAX function of Fiji ImageJ software (36) . Then volume measurements were made with Imaris software by creating Surface objects using manual thresholding (Bitplane, Zurich, Switzerland).
RT-PCR and qRT-PCR analyses. RNA was isolated from adult wild-type (C57Bl/6) mouse small intestines (duodenum, jejunum, and ileum) (n ϭ 3) and embryonic day 14.5 (E14.5) wild-type whole mouse embryo (n ϭ 3). One microgram of RNA was used for cDNA synthesis using Tetro cDNA Synthesis Kit (Bioline). RT-PCR reactions were performed by following the manufacturer's instructions with either the Taq PCR Master Mix (Qiagen, Valencia, CA) and or the primers previously described and detailed hereafter for human primers and in Table 1 for mouse primers (38) ␤-Galactosidase staining of whole mount mouse enteroid culture. Enteroids from Axin2-LacZ animals were isolated as previously described, by use of 2 mM EDTA. Enteroids were treated with 200 ng/ml FGF10 for 48 h, with media change and FGF10 supplementation occurring at 24 h. Mouse enteroid cultures were stained for ␤-galactosidase activity while in Matrigel. Samples were briefly washed in PBS and fixed in 2% PFA (2 min). They were then momentarily washed in LacZ buffer and stained in a LacZ solution containing 2 mg/ml of X-gal overnight at 37°C (RPI).
Statistical analysis. Statistical analyses were performed with GraphPad Prism software. Paired t-tests compared the results from the enteroids cultures. Data are presented as average values Ϯ SE. The results were considered significant if P Ͻ 0.05.
RESULTS

Expression of FGF10 and its receptors FGFR1 and FGFR2 in human ileum.
Little is known about the expression of FGFs in human intestine. We first sought to study the expression of FGFR1, FGFR2, and FGF10 family members (FGFR2b li- (Fig. 1, A and B) . Staining by IHC, using Flg (C-15) antibody, demonstrated that FGFR1 is expressed in human ileum throughout the length of the crypt and villi (Fig. 1C) . This distribution was confirmed by using a second FGFR1 antibody from Abcam (Fig. 1D) . The use of matching rabbit IgG as primary antibody did not show any nonspecific staining (Fig. 1E) . Moreover, the Flg C-15 blocking peptide competed away binding, supporting the specificity of this antibody (Fig.  1E= ). FGFR2 staining, using Bek (C17) antibody, was also seen throughout the epithelium of the ileum and to a lesser extent in the mesenchyme (Fig. 1F) . This pattern was con- firmed by use of a second FGFR2 antibody from Abcam (Fig.  1G ). Matched IgG primary and peptide competition staining confirmed the specificity of staining (Fig. 1, H and H=) .
To determine the expression of the ligands of FGFR1 and FGFR2 in the human ileum, we performed qRT-PCR on the same samples. We detected FGF7 and FGF10 in the human ileum but not FGF1, FGF3, and FGF22 (Fig. 1I) . We defined the threshold for positive expression at or before 35 RT-PCR cycles. Similar to protein expression, both FGFR1b and FGFR2b receptor genes were expressed in the human ileum as shown (using E-cadherin as reference, since b isoforms of these receptors are expressed exclusively in the epithelium) (Fig. 1J) .
Expression of Fgf10 family members and Fgf10 receptors in the adult mouse small intestine. Next, we aimed to assess the expression of the Fgf10 family members, as well as Fgf10 receptors Fgfr1 and Fgfr2, in the three segments of the adult mouse small intestine. Analyzing the Fgf10
LacZ reporter mouse, we found that Fgf10 is strongly expressed in the mesenchymal compartment of adult mouse duodenum, but not detected in the jejunum or the ileum ( Fig. 2A, n ϭ 3) . Fgf10 ϩ/ϩ (LacZ-negative) control littermates did not show any LacZ staining (n ϭ 3). To confirm that Fgf10 was expressed only in the mesenchyme, we separated epithelium from the rest of the duodenal mouse tissue using EDTA and confirmed by RT-PCR that Fgf10 is absent from the epithelial fraction as shown in Fig. 2D . Immunohistochemical analyses using antibodies against the receptors Fgfr1 and Fgfr2 (detecting both isoforms b and c) revealed that Fgfr1 (Fig. 2 , E-G) and Fgfr2 (Fig. 2 , H-J) are expressed throughout the adult mouse small intestine (n ϭ 3). Negative controls with IgG and secondary antibodies alone did not show any staining (data not shown). Higher magnifications of the crypts containing the stem cell niche showed expression in the crypts of both Fgfr1 (Fig. 2E=-G=) and Fgfr2 (Fig. 2, H=-J=) . Using RT-PCR, we showed that Fgf1, Fgf7, and Fgf10 were expressed in all three segments (duodenum, jejunum, and ileum) of the adult mouse small intestine as shown in Fig. 2D , whereas Fgf3, Fgf20, and Fgf22 were not detected (Fig. 2D) . Importantly, Fgf10 seems to be expressed at higher levels in the duodenum compared with the jejunum and ileum, which likely explains the lack of detection of LacZ activity in the jejunum and ileum of the Fgf10 LacZ animals. E14.5 whole wild-type embryo was used as a positive control for the various gene expressions. Furthermore, we did not detect any nonspecific bands for any of the genes tested.
Fgf10 overexpression increased crypt depth and villus height in the mouse small intestine. To investigate the impact of Fgf10 signaling on the adult small intestine independently from development, we generated inducible gain-and loss-offunction mouse models. First, we crossed CMV-Cre animals with Rosa26-rtTA to generate an ubiquitous expression of the rtTA promoter. Then, we crossed these animals with a tet(O)Fgf10 promoter, allowing overexpression of mouse Fgf10 under the conditional control of the Rosa26-rtTA promoter, hereafter referred to as Rosa26 rtTA/ϩ ; tet(O)Fgf10/ϩ. Fgf10 overexpression was achieved by feeding 4-wk-old mice a doxycycline-containing diet for 10 days. Single-transgenic littermates exposed to doxycycline (Control Dox) or doubletransgenic heterozygous mice on normal diet (Control no Dox) served as controls.
To ; tet(O)sFgfr2b/ϩ. In these mice, exogenous sFgfr2b acts as a decoy receptor, and upon exposure to doxycycline it binds all Fgfr2b ligands available in the gut, thus preventing their action. These mice were exposed to doxycycline food starting at 4 wk of age for a period of 1 mo. This mouse model has been previously validated during embryonic development, when ubiquitous overexpression of sFgfr2b phenocopies Fgf10 null mice (7). Single-transgenic animals treated with doxycycline or doubletransgenic animals not exposed to doxycycline were identical to wild-type controls (31) (Fig. 3, A-C, 3 , A=-C=, and 3, AЉ-CЉ), whereas an altered histology was observed in the Rosa26 rtTA/ϩ ; tet(O)Fgf10/ϩ compared with the controls (Fig. 3, D 
, D=, DЉ vs. A and B, A=-B=, AЉ-BЉ).
There was no difference in the control littermates between single-transgenic mice on doxycycline food for 10 days or 1 mo or double-transgenic animals on regular diet (B-BЉ vs. A-AЉ). The mice overexpressing Fgf10 displayed longer villi and deeper crypts (Fig. 3, D-DЉ) . To validate the animal models, we assessed the expression of Fgf10 by qRT-PCR and showed a robust increase in Fgf10 expression in the animals harboring Rosa26 rtTA and tet(O)Fgf10 transgenes (Fig. 3E ). Fgf10 expression was very low in the jejunum and ileum of controls treated or not with doxycycline and undetectable in the mutants overexpressing sFgfr2b. Moreover, after 10 days of doxycycline treatment, the mutant mice developed a wet hair appearance and swelling of the eyelids and the tongue as previously reported (38) .
We also assessed the expression of the exogenous sFgfr2b transgene and demonstrated that it is highly expressed in all the animals harboring Rosa26 rtTA and sFgfr2b transgenes but not detectable in any of the other groups (Fig. 3F) . Both Fgf10 and sFgfr2b expression were similar in the controls treated or not with doxycycline.
We next measured the crypt depth (Fig. 3G) , the villus height (Fig. 3H) , and the ratio villus/(villus ϩ crypt) (Fig. 3I) in the three segments of the intestine of the animals overexpressing Fgf10 and sFgfr2b and in the controls. Crypt depth was significantly increased in the duodenum, jejunum, and ileum of the animals overexpressing Fgf10 but not in the animals overexpressing sFgfr2b (Fig. 3G) . Villus height was significantly increased in the duodenum, jejunum, and ileum of the animals overexpressing Fgf10, with no change in the animals overexpressing sFgfr2b compared with littermate controls (Fig. 3H) . The ratio villus/(villus ϩ crypt) was unchanged between the controls and the animals overexpressing Fgf10 or sFgfr2b ( Fig. 3I ; n ϭ 6; P ϭ 0.4 for duodenum, P ϭ 0.5 for jejunum, and P ϭ 0.8 for ileum). In addition, crypt fission was not affected in the mutants overexpressing Fgf10 (Fig. 3DЉ) or sFgfr2b (Fig. 3CЉ ) compared with controls treated or not with doxycycline (Fig. 3, AЉ and BЉ) , as shown in the high-power field of crypts.
Fgf10 overexpression increases cell proliferation in the duodenum and decreases cell death in the jejunum and ileum.
FGF10 is known to promote cell proliferation during the development of the gastrointestinal tract, as well as during gut adaptation (12, 33, 39, 41) . Therefore, we assessed the impact 3) . E-G: IHC staining for Fgfr1 on mouse adult duodenum (E), jejunum, (F) and ileum (G). E=-G": higher magnifications of crypts from panels E, F and G. H-J: IHC staining for Fgfr1 on mouse adult duodenum (H), jejunum, (I) and ileum (J). H=-J=: higher magnifications of crypts from H, I and J. K: qRT-PCR for Fgf10 family members on adult mouse duodenum (Duo), ileum (Ile), and jejunum (Jej) and embryonic day 14.5 whole mouse embryo (positive control). Negative controls did not show any bands; n ϭ 3. To show the entire villus height, the duodenum sections are shown at lower magnifications than the jejunum and ileum panels. of Fgf10 signaling on intestinal epithelial cell proliferation. PCNA staining (Fig. 4, A-D) on intestinal sections and quantification of the number of PCNA-positive cells per crypt (Fig.  4I) showed a significant increase in cell proliferation in the duodenum of the mice overexpressing Fgf10 compared with controls treated or not with doxycycline (Fig. 4, D and D= vs. A and A= and B and B=; n ϭ 6, P ϭ 0.002), whereas no significant change in cell proliferation was observed in the jejunum or ileum ( Fig. 4I ; n ϭ 6; P ϭ 0.11 and 0.323, respectively). Similar results were obtained by using another cell proliferation marker, Phh3 (Fig. 4, E-H) . Quantification of the Phh3-positive cells per crypt showed a significant increase in the duodenum of the animals overexpressing Fgf10 (Fig. 4J , n ϭ 6, P ϭ 0.035), but not in the jejunum or ileum (n ϭ 6, P ϭ 0.9 and 0.25, respectively). However, overexpression of sFgfr2b did not affect cell proliferation in any of the intestinal segments studied as shown by PCNA staining in Fig. 4 , C and C= vs. B and B= and A and A= and by Phh3 staining shown in Fig. 4 , G vs. E and F; quantification shown in Fig.  4J . Since proliferation was only increased in the duodenum, we assessed cell death as a possible explanation for the increase in crypt depth and villus height in the jejunum and ileum of the Fgf10-overexpressing animals. We performed active (cleaved) caspase 3 IHC on doxycycline-treated controls and the animals overexpressing Fgf10 and counted the number of active caspase-3-positive cells per 100 villi. We observed no change in cell death in the duodenum of the animals overexpressing Fgf10 compared with controls, whereas there was a significant decrease in cell death in the jejunum and ileum of these animals compared with controls ( Fig. 4K) (n ϭ 5, P ϭ 0.005 and 0.045, respectively, for jejunum and ileum).
Fgf10 overexpression increases goblet cells and decreases Paneth cells in vivo.
Next, we aimed to determine the effect of Fgf10 on epithelial cell differentiation in the mouse adult small intestine. We performed immunofluorescent staining for CGA (a marker of enteroendocrine cells) and lysozyme (a marker of Paneth cells), as well as Alcian blue staining to assess goblet cell differentiation, on tissue sections from mice overexpressing Fgf10 and sFgfr2b and from doxycycline-treated controls. There was no change in CGA staining in the jejunum between the animals overexpressing Fgf10 and sFgfr2b and the controls (Fig. 5, C, B, and A, respectively) . The quantification of the cells stained for CGA did not show any difference in the mice overexpressing Fgf10 or soluble Fgfr2b (Fig. 5D ). Lysozyme staining, used to label Paneth cells, demonstrated decreased staining in the small intestinal segments of the mice overexpressing Fgf10 (Fig. 5G , jejunum, shown) compared with doxycycline-treated controls (Fig. 5E) . Quantification of the number of Paneth cells in all three segments of the mouse intestine (duodenum, jejunum, and ileum) confirmed a significant decrease in the number of Paneth cells in the jejunum and ileum of the mice overexpressing Fgf10 (n ϭ 6, P ϭ 0.02 and 0.0008, respectively) but not in the duodenum (P ϭ 0.099) (Fig. 5H) . In contrast, no change in the number of Paneth cells was observed in the duodenum, jejunum, or ileum of the animals overexpressing soluble Fgfr2b (Fig. 5, F and H) . Alcian blue staining showed increased goblet cells in the jejunum of the mice overexpressing Fgf10 (Fig. 5K ) compared with doxycycline-treated controls (Fig. 5I) . No change in Alcian blue staining was observed in the jejunum of the mice overexpressing sFgfr2b (Fig. 5J ) compared with doxycyclinetreated controls (Fig. 5I) . Quantification of the percentage of goblet cells compared with the total number of epithelial cells showed significant increase in the duodenum, jejunum, and ileum (n ϭ 6; P ϭ 0.0003, P ϭ 0.0005, and P ϭ 0.0002, respectively) in the mice overexpressing Fgf10 compared with doxycycline-treated controls (Fig. 5L) . No change was observed in the mice overexpressing sFgfr2b (Fig. 5L) . Taking into consideration the distribution of goblet cells along the crypt/villus axis, we investigated whether there was an increase in goblet cells in both crypt and villus compartments of the mice overexpressing Fgf10. The number of goblet cells was significantly higher in the crypts (Fig. 5M ) of the mice overexpressing Fgf10 compared with doxycycline-treated controls in the duodenum, jejunum, and ileum (Fig. 5M, n ϭ 6, P ϭ 0.005, 0.002, and 0.01, respectively) . In addition, the number of goblet cells was significantly higher in the villi (Fig. 5N ) of the mice overexpressing Fgf10 compared with doxycycline-treated controls in the duodenum, jejunum, and ileum (Fig. 5N , n ϭ 6, P ϭ 0.001, 0.0001, and 0.008, respectively).
FGF10 induces goblet cell differentiation in intestinal enteroids. Since the overexpression of Fgf10 was achieved in a ubiquitous manner, we next asked whether Fgf10 could act directly on the epithelium to control intestinal cell proliferation and/or differentiation. For that purpose, we used an epithelial-only culture system (35) , in which crypts from mouse intestine were embedded in Matrigel and grown in the presence of a mixture of growth factors (EGF, Noggin, R-Spondin), with or without recombinant human FGF10 (200 ng/ ml). After 4 days in culture in the presence or absence of rhFGF10, the cultures were fixed, immunostained for Phh3 to assess epithelial proliferation, and imaged as described in MATERIALS AND METHODS to obtain a 3D reconstruction of each crypt bud (Fig. 6, A and B) . In addition, we quantified of the number of Phh3-positive cells normalized to enteroid volume. We did not observe any difference in the proliferation in the presence or absence of FGF10 (Fig. 6C) . To determine the effect of FGF10 on epithelial cell differentiation, we analyzed the gene expression of Muc-2 and lysozyme in the cultures (Fig. 6E) . In the presence of rhFGF10, we found a significant increase in Muc-2 expression compared with untreated enteroids (n ϭ 6, P ϭ 0.01), reflecting an increase in goblet cells. In addition, there was a significant decrease in lysozyme in the FGF10-treated enteroids compared with untreated (n ϭ 6, P ϭ 0.014). To determine whether FGF10 affected the stem cell niche, we analyzed the expression of several genes important for the differentiation and commitment of the intestinal stem cells. There was no change in the expression of Atoh1 or Klf4 in the FGF10-treated crypts compared with controls, suggesting that FGF10 does not affect the global secretory progenitor pool. An increase in Spdef expression was observed in the FGF10-treated enteroids (Fig. 6D) . Several stem cell markers were decreased in the FGF10-treated enteroids compared with control enteroids such as Lgr5 (n ϭ 4, P ϭ 0.028), Hopx (n ϭ 5, P ϭ 0.0072), Lrig1 (n ϭ 5, 0.0032), Ascl2 (n ϭ 5, P ϭ 0.0033), and Sox9 (n ϭ 4, P ϭ 0.05). Next we sought to determine whether this effect of FGF10 in driving goblet cell differentiation is dependent on Notch signaling. Therefore, we assessed the expression of Hes1 and found a significant decrease in Hes1 expression in FGF10-treated vs. untreated enteroids (n ϭ 4, P ϭ 0.009). It has been reported that Paneth cell differentiation requires high Wnt activity; therefore we tested the effect of FGF10 on Wnt activation using enteroids from the ileum of Axin2-LacZ reporter mice. We showed that LacZ staining was significantly decreased in the presence of rhFGF10 (Fig. 6D) . These data were confirmed by qRT-PCR, where FGF10 significantly decreased Axin2 expression (n ϭ 5, P ϭ 0.016).
Enteroids from the ileum of animals overexpressing Fgf10 were also cultured in the presence of doxycycline to induce Fgf10 overexpression. Treating wild-type enteroids with doxycycline did not affect cell proliferation or expression of cell differentiation markers (data not shown), consistent with previous studies (18) . Immunofluorescence staining of enteroid sections cultured for 3 days in absence or presence of 2 g of doxycycline did not show any difference in cell proliferation as shown by Phh3 staining (Fig. 6, G and H) and quantification (Fig. 6H) . We performed staining for Mmp7 (Paneth cells), Muc2 (goblet cells), and lysozyme (Paneth cells) to assess cell differentiation in the enteroids following Fgf10 overexpression. We demonstrated that Fgf10 overexpression increased the number of Muc2-positive cells (Fig.  6J vs. I and K, n ϭ 4, P ϭ 0.003). A decrease in the number of Mmp7-positive cells (Fig. 6J vs. I and K, n ϭ 4, P ϭ 0.008) and lysozyme-positive cells (Fig. 6M vs. L and N, n ϭ 4, P ϭ 0.01) was observed compared with controls. Interestingly, in the enteroids overexpressing Fgf10, the number of cells positive for both Mmp7 and Muc-2 was increased by threefold compared with controls (Fig. 6O , n ϭ 4, P ϭ 0.04), suggesting that, following Fgf10 overexpression, goblet cells replace Paneth cells in the enteroids. Moreover, following 3 days of doxycycline administration in mice, we observed the presence of double-positive cells for Mmp7 and Muc2 in the ileum of animals overexpressing Fgf10 (Fig. 6Q ) compared with doxycycline-treated controls (Fig.  6P) . Fgf10 overexpression was confirmed by qRT-PCR, the enteroids treated with doxycycline had a fivefold increase in Fgf10 expression (Fig. 6R , n ϭ 4, P ϭ 0.02). Moreover, Fgf10 overexpression significantly decreased the Lgr5 and Lrig1 expression in the enteroids (Fig. 6S , n ϭ 4, P ϭ 0.02 and 0.008, respectively).
DISCUSSION
This study describes the effect of Fgf10 overexpression on the adult mouse small intestine. Although Fgf10 and Fgf signaling in general have been extensively studied during intestinal development, little is known their roles in adulthood. In addition, the expression of FGFR1 and FGFR2, as well as FGF ligands in the human intestine, have not been described. We demonstrated that both FGFR1 and FGFR2 are expressed in the human ileum. Previous reports have shown that several human tissues express FGFR1 and FGFR2 such as stomach, pancreas, salivary gland, and duodenum (15) . Both FGFR1 and FGFR2 are expressed throughout the epithelium and the mesenchyme of the ileum. It was previously reported that FGF1 and FGF2 are widely expressed in normal adult tissue, mainly in the kidney, skin, and liver (16) . Here we showed that FGF3 and FGF7 but not FGF1, 3, or 22 are expressed in human ileum. Moreover, FGFR1b and FGFR2b (b isoforms), the receptors for FGF10, are both expressed in the human ileum. To our knowledge, this is the first report of expression of FGF10 family members and FGF10 receptors in human ileum.
We have recently shown that Fgfr2b ligands, Fgf1, Fgf7, Fgf10, and Fgf22, are expressed in adult mouse stomach (38) . Here, we provide evidence that Fgf1, Fgf7, and Fgf10 are expressed throughout the adult mouse intestine, whereas in Fgf10
LacZ reporter ␤-galactosidase staining is detected only in the duodenum. This could be due to the lack of sensitivity of the reporter insertion or to a lower expression of Fgf10 in the jejunum and ileum compared with the duodenum. Our data showed that FGFR1 and FGFR2 have similar distribution in the human compared with the mouse ileum. However, Fgfr2b is considered to be the main receptor of Fgf10 given the phenotypic similarities between Fgf10-null and Fgfr2b-null mice (7, 25) . The presence of FGF10 and its receptors, FGFR1b and FGFR2b in human and mouse intestine, suggests an important role for FGF10 signaling in intestinal homeostasis. Moreover, given the similar distribution of FGFR1 and FGFR2 in human and mouse, we propose that FGF10/FGFR2b signaling plays a similar and important role in small intestine both in mouse and human.
FGF10 is known as a mitogen during the development of several organs such as the trachea (34) and colon (12, 33) . It also promotes cell proliferation during homeostasis in mouse mammary gland (32), incisors (31) , and stomach (38) . Our data suggest that Fgf10 overexpression in the mouse adult small intestine increases crypt depth and villus height in the duodenum, likely as a result of increased proliferation. In the jejunum and ileum, there was no significant difference in proliferation. However, crypt depth and villus heights were increased in both segments upon Fgf10 overexpression. This is likely due to a decrease in cell turnover in the intestine as a result of decreased cell death shown by decreased active caspase-3-positive cells in the jejunum and ileum following Fgf10 overexpression. These results are consistent with our previous findings that Fgf10 enhances epithelial cell survival during colon development (33) . Other studies have shown that Fgf10 does not affect cell proliferation in embryonic intestinal development including in the duodenum (29) . This discrepancy between our studies could be due to the fact that we employed a ubiquitous overexpression system and analyzed adult organs whereas Nyeng et al. (29) used a Pdx1 driver and studied organogenesis. Similar to our results, a recent study showed that FGF7 increases villus height and crypt depth. However, that was accompanied with increased proliferation in the jejunum of adult mice (5) .
Fgf10 is known to play an important role in epithelial cell differentiation during organogenesis in several organ systems (2, 34, 39, 46) , including the intestine (29). Nyeng et al. (29) used Pdx1 driver to overexpress Fgf10 and showed a decrease in Paneth cells, thus corroborating our results in adult mouse intestine. During embryonic development, overexpression of Fgf10 did not seem to affect goblet cell differentiation (29) , whereas here we provide evidence that overexpressing Fgf10 in adult mouse intestine increases goblet cell differentiation in both crypt and villus and decreases Paneth cell numbers. In a colon epithelial cell line, Iwakiri and Podolsky (17) showed that FGF7 regulates the goblet cell silencer inhibitor and induces the differentiation of goblet cells in vitro. Although we show that activating Fgf10 signaling reduces the numbers of Paneth cells, other Fgf receptor activation such as via Fgfr3 acts in an opposite manner. Lack of Fgfr3 results in fewer Paneth cells in the mouse intestine (47) . In contrast, Fgfr3 activation was shown to induce Paneth cell differentiation, either through MAPK or ␤-catenin activation (3). Therefore, it seems as though Fgf10 and Fgfr3 have opposing signaling activities in the small intestine.
Our data raise interesting questions about regulation of the dynamics of the goblet and Paneth cell populations in the intestine. The increase in goblet cells in the crypt along with decreased Paneth cells may reflect goblet cells arising from mature Paneth cells in the crypt compartment. This possibility is consistent with our observation of "intermediate" cells expressing both Paneth and goblet cell markers at 3 days following FGF10 induction in either enteroid culture or mice (Fig. 6) , which are not observed in vivo 10 days after induction (data not shown). The possibility of this transitional cell type has previously been demonstrated, for example, in the case of altered Notch signaling (45) . Alternatively, it may be that goblet cell differentiation is accelerating in concert with extrusion or death of Paneth cells. Further investigation will be needed to distinguish between these possibilities.
It is still unclear what controls the balance between goblet and Paneth cell lineage specification, although it is well established that Paneth cell formation is dependent on Wnt/␤-catenin/TCF4 signaling (43) . In our experiments, FGF10 decreased transcript levels of the Axin2 gene as well as LacZ expression in enteroids from Axin2-LacZ reporter mice, indicating that FGF10 inhibits Wnt signaling in these enteroids (Fig. 6) . The inhibition of Wnt signaling was also accompanied by a decrease in the expression of a subset of stem cell-associated Wnt target genes such as Lgr5, Lrig1, Ascl2, and Hopx. Furthermore, FGF10 decreased Hes1 expression. These results are in accordance with published data that Notch inhibition induces goblet cell hyperplasia (45) , since in many models ablation of Paneth cells results in a decrease of Lgr5-positive cells (35) .
In summary, our studies implicate FGF signaling as an important regulator of the balance between the different intestinal secretory cell types. Future studies in this area are needed to elucidate how FGF10 affects these secretory lineages and what signaling mechanisms could be involved to compensate for the loss of the different stem cell markers studied here. Understanding the role of FGF signaling in this context could lead to therapeutically relevant insights for disease states associated with goblet cell hyperplasia.
